Abstract
Introduction
Age-related macular degeneration (AMD) is a leading cause of blindness. [1, 2] Late stages of this disease are characterized by irreversible visual compromise due to the loss of photoreceptors. [3] Photoreceptor loss is associated with changes in the complex system supporting their function, although cause and effect remain a subject of great dispute. [4] [5] [6] This support system includes the retinal pigment epithelium (RPE), a monolayer of pigmented cells that exchange metabolites with the neighboring photoreceptor cells, and recycle chromophores critical to the visual cycle. [7] To perform these functions, the RPE is supported by Bruch's Membrane (BrM) and the highly vascular choriocapillaris, together providing the RPE with structural support as well as the exchange of nutrients and oxygen. Pathologic changes in the RPE/BrM complex are seen in the early stages of AMD and include thickening of BrM, [3] and the deposition of lipoproteinaceous extracellular debris, known as drusen, between the RPE and BrM. [8] The ability to follow certain aspects of these pathological changes in vivo has been enhanced by the development of fundus autofluorescence (FAF) imaging. In 1995, Delori et al. introduced FAF to study lipofuscin in vivo, [9] while von Ruckmann et al. demonstrated that scanning laser ophthalmoscopy (SLO) could be used to study FAF. [10, 11] Since then, numerous studies have used FAF imaging modalities to study the retina and its components both in vivo and ex vivo. [4, [12] [13] [14] Our goal is to study ex vivo the AF signatures of BrM and RPE and their relative contribution to the overall FAF signature in eyes with dry AMD compared with control eyes. This work is an extension of previous work documenting the curious finding of a 15 nm autofluorescence emission difference in RPE cells between AMD and control tissue at 364 nm excitation, but not at 488 nm excitation. [12] Unfortunately, the ocular transmission of both native lenses and modern ocular implants make 364 nm excitation not clinically useful, and thus we sought to revisit this question using higher spectral and spatial resolution approaches at 488 nm excitation; this would be a first step towards developing clinical tools for FAF spectroscopy in vivo. Here, we take advantage of higher spectral resolution combined with least-squares regression analysis to improve the spectral sensitivity, and then, using a higher spatial resolution, we examine the spectral contribution of the different component fluorophores within the RPE to the overall RPE/BrM AF signature in AMD and control tissue.
Methods
This research was considered by the Institutional Review Board of Northwestern University and granted an exemption.
Donor Eye Demographics
Donor eyes were obtained from the Illinois/Midwest Eye Banks. Histologic examination of the control eyes was performed to rule out subclinical AMD pathology (Fig 1) . The diagnosis of dry AMD was based on the following criteria: (1) Review of clinical history and clinical ophthalmology charts; (2) Pathologic evidence of AMD changes within the macula, confirmed on gross microscopy and PAS staining (Fig 2) ; and (3) Lack of evidence of active choroidal neovascularization, subretinal fibrosis, or clinical history of treatment for neovascular AMD. As shown in Table 1 , the average age of the AMD donors was 73.0 years, while the average age of the control donors was 72.8 years; all donors were Caucasian. The average time to fixation was 10.4 hours (max = 16.5 hours).
Specimen Preparation and Histopathology
Globes were fixed in 10% neutral buffered formalin. Eyes were oriented based on the location of the superior and inferior oblique muscles. Horizontal cuts removed the superior and inferior calottes 10 mm on either side of the optic nerve, resulting in a center calotte containing the optic nerve, macula, and pupil. Central calottes were embedded in paraffin wax. Seven μm-thick histological cross-sections of the macular region were placed on slides. The peripheral retinal regions were analyzed from the periphery of the same sections that traversed the macula (i.e., temporal and nasal retinal periphery).
Sections were de-paraffinized in two cycles of xylene for 20 minutes each and subsequently rehydrated in two cycles of 100% ethanol for 10 minutes each, followed by one cycle of 95% ethanol and 70% ethanol for two minutes each. For autofluorescence analysis, the slides were embedded with Prolong Gold Antifade Reagent (Life Technologies, Grand Island, NY, USA) and covered with cover slips. For histopathologic evaluation of the tissue, we stained additional cross-sections with Periodic Acid-Schiff (PAS). These sections (Figs 1 and 2) were selected within 25 microns of the unstained slides used for autofluorescence.
Confocal Microscopy and Autofluorescence Spectroscopy
Spectral autofluorescence images were collected from the unstained histological cross-sections using a 100x oil immersion, plan apochromatic TIRF, 1.5-NA objective lens on a Nikon A1R laser scanning confocal microscope (Nikon Instruments, Inc., Melville, NY, USA). The laser intensity, pinhole diameter (1.3 AU), scan speed (8X), and image size (1024 x 1024 pixels) were constant for each scan. Acquisition was controlled via Nikon Elements NIS 4.0 computer software (Nikon Instruments, Inc., Melville, NY, USA). Datasets were acquired at 488 nm excitation and emission spectra were collected between 496 and 616 nm (21 channels at 6 nm intervals). A low-angle incidence dichroic mirror (filter) at 405/488 nm provided additional filtering to separate excitation and emission light.
Sections within the macula were confirmed by the presence of a multi-layered ganglion cell layer and proximity to the foveal section. [15] "Peripheral datasets" were obtained from the periphery (nasal or temporal) of the chosen macula slide and confirmed by a single ganglion cell layer.
To ensure that the variations in emission spectra are due to actual changes in the sample and not artifacts related to spectrometer instability, a suspension of Fluoresbrite 1 YO Carboxylate microspheres (Polysciences Inc., Warrington, PA, USA) was imaged (using the same spectral confocal microscopy approach) at the beginning and end of each imaging session. The autofluorescence emission datasets were exported as individual 12-bit files for each spectral channel recorded by the microscope (total 21 channels).
Data Analysis and Normalization
The individual files were de-identified, imported to MATLAB (The Mathworks Inc., Natick, MA, USA) and stacked to form a spectral data cube of 1024 x 1024 pixels by 21 channels. A pseudo-color image was generated by dividing the 21 channels of the data cube into three equidistant spectral channels and averaging them to form the red, green, and blue channels of a pseudo-RGB image (Fig 3) . While not spectrally accurate, this method uses the full emission spectra to visualize the qualitative spectral differences in the data cube. The pseudo-color image was then used for selecting specific components (e.g., regions of interest (ROI)) of the RPE/choroid complex for subsequent analysis.
For each ROI, a least-squares regression was used to fit a second-order polynomial to the average spectrum from 496 to 616 nm in 6 nm intervals, and the emission peak was determined analytically. A second-order polynomial was sufficient to accurately represent the spectra while minimizing the degrees of freedom in the fit. The peak wavelengths of the emission spectra were then averaged for all the pixels within an ROI.
For each imaging session, the same analysis was performed for the spectral peaks of the microspheres by averaging the peak emission obtained at the beginning and end of each session to determine a wavelength reference for correction per session. The measured microsphere emission peak was compared with the reported microsphere emission peak of 546 nm, and the emission spectra were offset accordingly to correct the instrument output for each imaging session. [16] 
Manual Microscope Spectral Analysis
Individual components of the retina were manually selected from each pseudo-color RGB image by defining the ROIs within each image. The ROIs corresponded in size with single RPE granules (either lipofuscin or melanolipofuscin, approximately 1 micron in diameter) and were selected to include the signal from each granule while minimizing the signal from ambiguous or dissimilar neighboring elements. As many as five lipofuscin and melanolipofuscin granules per cross-sectional image were selected according to their visual appearance and fluorescent intensity (Fig 3) . As a guideline for these selections, we used the fluorescent ultrastructure of lipofuscin and complex melanin granules, as described by Feeney in 1978, [17] and again at higher resolution by Ach et al. in 2012. [18] The lipofuscin granules were identified by their uniform, highly fluorescent, and circular appearance. The melanolipofuscin granules appeared as hollow rings with central melanin surrounded by distinctly fluorescent lipofuscin ring. [5, 18, 19] Similarly, at least five distinct regions of BrM were selected in each image. BrM was easily identified by its strong auto-fluorescence (which appears blue in our pseudo-color representation) and its location beneath the RPE layer. Examples of spectra are shown in Fig 4, with the average spectra from each normalized to facilitate visual comparison. The manual selection process and spectral analysis was conducted for both AMD and the control eyes; the result was a large spectral dataset of retinal components. Between two to five slides were analyzed for each eye, with multiple images taken from each slide ( Table 1) .
Automated Macroscopic Spectral Analysis
In addition to comparing manually selected ROIs that sampled micro-structures of the RPE/ BrM, we performed an unsupervised segmentation of the macroscopic components of the RPE/ BrM for the entire cross-section. Analyzing the data in this fashion reduces noise and selection bias, and is more similar to lower-resolution, clinically relevant imaging AF methods. Since histopathologic cross-sections have variable structural components, simple averaging will mostly include dark pixels, and is therefore inappropriate. To limit the analysis to the RPE and BrM, an intensity threshold was applied to each cross-section, effectively removing all low-intensity pixels related to background noise or weak autofluorescent signal from the choroid and sclera.
Further image segmentation was performed to separate the RPE from BrM based on differences in their spectral emission peak. To achieve this, we exploited the spectral emission differences between the BrM and RPE, namely, that pixels within the BrM emission are more intense within the green spectral range (526 to 538 nm), whereas RPE pixels are more intense within the orange spectral range (598 to 610 nm). To quantify these differences, the pixel intensities from the orange spectral range were subtracted from the intensities within the green spectral range, resulting in a mask image in which the BrM pixels had a positive value and the RPE pixels had a negative value. The images were then reconstructed to isolate the RPE or BrM for further analysis. The relative area of BrM to RPE was determined by dividing the number of BrM pixels by the number of RPE pixels, whereas the relative intensity of BRM to RPE was determined by comparing the average pixel intensity in each component. The image processing is summarized in Fig 5. 
Statistical Analysis
The variability in the mean of the peak wavelength, relative intensity, and relative area for each individual eye was determined by the standard error of the mean (SEM). The significance of the spectral peak, relative intensity, and relative area differences between the AMD-affected eyes and the control eyes was determined using a two-tailed student's t-test, assuming independent random samples with equal but unknown variances.
Results

Manual Microscopic Spectral Analysis
Overall, compared with the control eyes, the individual microscopic components (lipofuscin granules, melanolipofuscin granules, BrM) showed a similar trend of blue-shifted peak emission in AMD, but the differences were not statistically significant. A complete list of the results and significance tests are summarized in Table 2 .
Automated Microscopic Spectral Analysis
We first considered the overall spectral autofluorescence of the combined RPE and BrM, and the peak emission wavelength was determined for each individual eye ( Table 2 ). The average emission peak for AMD eyes (overall macula and periphery) was 568.0 ± 1.2 nm compared with 572.4 ± 2.2 nm for the control eyes (p = 0.02, two-tailed t-test; Fig 6) . We then compared the peak wavelength analysis for the macula and periphery, separately, and found a significant blue shift in the periphery (p = 0.03) and a trend in the macula (p = 0.07) in AMD eyes.
For the automatically segmented combined RPE and BrM (Fig 5) , we found that the emission peak wavelength for AMD eyes was generally lower than that of the control eyes (p = 0.02). For either RPE or BrM separately, these differences were not significant (p = 0.20 for RPE; p = 0.27 for BrM). Similarly, a comparison of the RPE and BrM emission peak wavelengths between the macula and periphery revealed no significant differences.
Next, we compared the relative area and the relative intensity of the BrM to the RPE in each cross-section. The average relative area of BrM to RPE was 0.50 ± 0.12 for the AMD eyes and 0.35 ± 0.05 for the control eyes (p = 0.07). In general, the relative fluorescence intensity of BrM compared with RPE was greater in the AMD eyes compared with the control eyes, but the difference was not significant (p = 0.12). We further compared the relative intensities and areas of BrM and RPE within the macula or periphery between groups, but no significant differences were observed.
Discussion
Our results show a statistically significant spectral difference between the AMD RPE/BrM compared with the controls when considering the combined RPE+BrM autofluorescence at 488 nm excitation (Table 2, Fig 6) . While the difference is subtle, the spectral signature at this wavelength is sensitive to many cellular changes that are relevant to the proposed mechanisms of AMD. Actively studied AF emitters include bis-retinoid fluorophores (e.g., A2E), extra-cellular matrix components, and multiple unidentified constituents, studied in the retina and in other human tissue, that contribute to the overall signal. [20] [21] [22] The observations made here are in line with autofluorescence changes expected in AMD pathology.
Pathologic Significance of AF Spectral Differences
RPE autofluorescence increases with age [10, 13, 23, 24] and it's absence on FAF imaging has been used as a marker of RPE atrophy in AMD. The main RPE fluorophore is the lipofuscin granules, [25] and these intracellular aggregates and their bisretinoid components (e.g. A2E) have been traditionally thought to contribute to RPE cell dysfunction by generating phototoxic reactive oxygen species, aldehyde reactive species, and advanced glycosylation end product adducts of cellular structures. [22, [26] [27] [28] [29] Similarly, melanolipofuscin is another RPE fluorophore [19] that is thought to be more abundant in AMD.
[23] Previous studies have shown a blue shift (of approximately 30 nm) in the autofluorescence emission of RPE cell extracts of AMD compared with control eyes; [30] this shift is thought to reflect changes in the fluorescent properties of oxidized vs. non-oxidized fluorophores. The difference in magnitude between our findings and previous studies might be explained by the differences in the excitation wavelength used (430 nm vs. 488 nm) and/or tissue processing (whole tissue vs. RPE extract). This disparity could also mean that while there is a strong difference in chemically purified RPE extracts, only a minor trend exists at the RPE granule level. [12] There are several pathologic changes in BrM that could result in a blue shift in spectral emission. During normal aging, BrM undergoes thickening due to increased deposition of lipids, glycosaminoglycans, elastin, and collagen [31] [32] [33] [34] , which may play a role in the eventual dysfunction seen in AMD. [35, 36] In AMD, additional lipid accumulation results in characteristic basal linear deposits (BlinD) and large drusen [8] ; and their accumulation contributes to disruption of the transfer of nutrients across BrM. [37] Decreased permeability of BrM may also result from an imbalance in metalloproteinases and their tissue inhibitors, leading to the disruption of the normal turnover of the extracellular matrix within BrM [38] [39] [40] [41] . While the autofluorescence signatures of collagen and elastin are usually examined using UV excitation, studies from bronchial tissue using 488 nm excitation have shown that elastin has a peak emission wavelength of 530 nm [21, 42] and that type 1 collagen emits less intensely at 560 nm.
Additionally, the relative area of BrM and RPE will have an effect on the combined spectra of the two. From our component-level analysis, we found that BrM had a~26 nm shorter peak emission wavelength than RPE granules (549 nm vs. 575 nm); therefore, an increase in the amount of BrM relative to the RPE would result in a relative blue shift of the combined BrM +RPE emission. We examined these effects by looking at the area and intensity of BrM emission relative to the RPE and observed a trend towards an increased contribution of BrM in both area and intensity for AMD, as shown in Table 2 .
Individual Component Analysis
We found no statistically significant differences in peak emission spectra between the AMD and control when considering the RPE cell layer, BrM, or the individual granules (lipofuscin and melanolipofuscin) in isolation. This was true for manually analyzed components, as well as with our automated segmentation strategy. Despite the lack of significance, the spectral trends in each of these structures were consistent with the combined RPE+BrM macroscopic results. It is conceivable that the statistically significant results seen when considering RPE+BrM are the result of three complementary trends: a blue shift in RPE granules, a blue shift in BrM, and a blue shift caused by an increased area of BrM relative to RPE. Perhaps with a larger sample size, these individual contributions would become more significant. These results are relevant as they indicate that there is not one single component that is driving the overall shift, but likely a more modest, diffuse change happening across the RPE+BrM.
Clinical Significance
While statistically significant, the spectral differences we have observed are very subtle and emphasize the precision required to differentiate AMD from the control eyes based on AF emission spectra alone. Our results are lower in magnitude, but follow the same trend noted by Marmorstein in the RPE cells of AMD tissue using 364 nm excitation (15 nm blue shift). [12] In contrast to our findings, these authors were not able to detect spectral differences at 488 nm excitation, which may have been related to the limited spectral resolution (10 nm) of their approach. Since UV excitation at 364 nm cannot be used clinically due to safety issues and limited ocular penetration, differences that are detectable at 488 nm would have important clinical implications. By using 488 nm excitation and a more sensitive technique (e.g., higher-resolution spectrometry with least-squares regression analysis), our experiment was able to show a spectral difference in dry AMD at a clinically relevant wavelength. However, utilizing this technique for in vivo measurements will be complicated by other sources of AF signal in the eye. Notably, Delori has previously described a 520-580 nm peak emission, which was hypothesized to orginate from the neurosensory retina. [9] Further contributions from the lens and retina may obscure the subtle changes we have reported. While newer AF techniques have shown the ability to differentiate retina features in vivo in AMD, there has not been any report of these techniques being used to differentiate microscopic retina components in AMD from control. [43, 44] 
Strengths and Weaknesses
The strengths of our study include the improved sensitivity in both the spatial and spectral domains compared with previous similar work.
Because the spectral detector collects the emission spectra at 6 nm intervals, the resolution of the detector limits the ability to discern minute changes in the emission peak between samples. By fitting the emission spectra through least-squares regression, an estimate of the peak can be determined with greater precision than the spectral detector. Furthermore, by averaging the peak wavelength for a collection of spectra in a given sample, we were able to improve the accuracy of the least-squares regression fit, effectively improving the accuracy of our interpolate between data points. Our intricate manual selection of retinal components (i.e., RPE granules and BrM) also enabled us to compare these elements separately before analyzing their combined effects.
Comparison of these results with previous reports of the peak AF emission wavelength of lipofuscin in healthy controls reveals a lack of agreement in the literature, with reported peaks ranging from 555 nm to greater than 600 nm. [9, 12, 45] These discrepancies highlight the sensitivity of this absolute measurement to experimental factors such as excitation wavelength, specimen preparation, and imaging environment (in vivo vs. ex vivo). While the accuracy of the absolute peak was less critical for our relative change analysis, it does limit the our ability to compare results with other experiments.
The limited sample size and statistical power likely affected our comparisons. Perhaps with a larger sample, the trends we observed (e.g., blue shift of RPE granules) would prove to be significant. Additionally, translating these detection techniques to an in vivo process will require solving several additional issues related to in vivo detection (e.g., added background noise, lens autofluorescence, exposure limits) that are beyond the scope of this ex vivo study.
Conclusion
It is very exciting that the spectral differences we observed, while subtle, are tightly related to the complex pathologic changes in AMD. It is conceivable that FAF spectral analysis could still be translated to clinical applications using higher-sensitivity spectral detectors. More elaborate detection and analytical techniques may be needed to detect these differences in vivo, and could ultimately lead to new diagnostic tools that can predict progression to AMD in aging eyes.
